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THE CALIBRATION PROBLEM . -

RIS A

Field Moisture Correlation _

v In the fall of 1967 research dlrected at development of
callbratlon standards for nuclear moisture- den51ty gages was
-undertaken by the California Division of nghways at the
Materials and Research Laboratory, 5900 Folsom Blvd., Sacramento,
California.y Temporary m01sture ‘standards having hlgh and 1ow
water contents were prepared by compacting a local river sand 1n.
molds cut‘from steel drums. Before compactlon, the sand was
allowed to, come to. alr-dry equlllbrlum moisture. It was then
compacted 51m11arly in each of the tubs, and the bulk den51t1es

of both palculated,

One tub was constructed with a piezometer and a plastic tube
‘1ead1ng to the bottom 8o that it could be saturated. This |
sample was flooded tlll the free water surface was at the
sand surface, and all v01ds were essentlally full of water.
The amount of water added was measured and checked by weighing
the tub and contents before and after. The initial water

. content of the sand was estimated from oven-dry moisture

samples and as a result, the total water content of the

saturated m01sture standard was known.
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Tne tub contafning air-drfﬂeandjﬁitﬁ%no further water added was
used as a low moisture standard.' Subsequent weighing of this
sampie indicated little change in moisture content. When it
was torn down.itlwas found that the top.one to twd inches was
siightly drier“tnan at.greater depth; However, this had a
negllglble effect on the nuclear mOLSture tests taken on that

sample.

When a callbratlon curve.establlshed on these standards was.
compared w1th one (for the same gage) developed using "oven-~

dry" fleld m01stures, 1t was found that the two were displaced

by about 3 1b. per cu.ft. of water. That is, the indicated
water‘contentiof a Slte using the oven-dry calibration was

lower than if§the sand;water calibration were used. It was

very evident However, that the estimated regression throucgh

the fleld data p01nts was essentially parallel to the

1aboratory callbratlon. Since these were developed independently,
it was concluded that the relationship between the two methods

of caiibrationfshould be investigated further.

"Structural® Soil Water

It was concluded that the observed phenomenon was due to the

presence of moisture, especially in the clay minerals, which

was not removed in the oven~dry test. The nuclear moisture
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gage response is proportional to the hydrogen contained in any
form of'éoil water. THis may include in addition to the free
water: inter—iayer‘watér, hYdratés;'and‘hydrOXYI water. It is
. easily demonstrated that all of these forms of "étructural“ so0il
water are not evaporated at temperatures of 105-110°C. For
example, Nutting reports that the kaolin minerals lose an
additional 14 percent by weight (approximately) of hydroxyl
water between 400 and 800°C [l, p. 206], with the ensuing
destruction of the kaolinite. The number of hydrogen atoms
in hydroxyl water is one-half that of the corresponding
quahtity of free water molecules. Conseéuently, the nuclear
moisture gage would respond to the free water equivalent of

the hydroxyl water in kaolin; or, about 7 percent by weight.

Typical data for some clay minerals are summarized in Table 1.
TABLE 1

APPROXIMATE WATER LOSS OF VARIOUS MINERALS, 100 TO 800°C

Tempexature °C Structural
Water
100 - 200 30 400 500 600 700 800
Mineral ) Total (equiv)
' [ | | | | | | F0 loss
pr—— I - - ¥ . —
Kaolin Approx., 147 by wt, OH”
Halloysite Little 10;3 1 (equiw H20 loss = 7%) 7%
Montmorille- 7 . o -
- Approx 3% loss Approx 5% loss OH
gézstite inter=layer Hp0 . (equiv. H0 = 2%%) %%
: . Approx. 8% loss . . Approx. 3% OH" :
- Vermiculite inter-ljayer, cation hydrates (equiv, Hp0 = 1%%) ' 9%%
Illite : . .. Gradual loss 2%. . OH™ loss est. 4%% - 4% -
(Mica group) (presumed Hp0) (equiv, H20 approx. 2%)
L . L ' OK~ loss approx. 12% ' ‘
Chlorite Little loss (equiv. H20 = 6%) 6%
5 Gradual loss to 10% OH~™, gradual loss to 6% <
Sepolite (presumed H20) '(equiv.Hzo = 3%) 13%

Clay mineral data estimated from Grim (.8)
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These are approximate average values showing the trend toward
~additional water loss at temperatures above 100°C. For the
portioq of this loss considered to be hydroxyl water, the

equivalent free water (one-half) is tabulated.

Hydratés such as the zedlites and serpentines also contain
signif;caht_amoﬁnts of water which are not driven off by
temperétureskof3105-110°c,' Also, Lambe reported that a
diatoméceous ea?th refa;ned_signifiqant_amounts of water at
tempe;étures above 105°C[2]. This is apparently caused by the
atﬁrad?ive forces of the very large internal surface area of
this séil, This water should be similar in behavior to the

boﬁnd,ﬁater of the clay minerals.

Thermal Neutron Absorption

In 1964,'Eurn published é report, “Calibration of a Neutron
Méistu%é_Meter?in Leda Clay"[3]. Figure 1 is a reproduction

of“é é;éph from that paper showing moisture correlation data

for a ﬁuélear_§aqe'used on the Leda clay. Here, it is shown

that ﬁﬁe plot of nuclear readings versus oven-dry moisture contents
of théisoil is nearly 6 lbé. per cu. ft. to the right of the
refefé;ée éurvé. :This is t§ £hé opposite éxtreme from the
Califofnié fieid calibration data. Burn's referehce curve is

based (in parti on silica sand and water standards having known
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total water content which generally correspond to the

temporary California Highway standards previously described.

‘- "Figure

1

CALIBRATION CURVE FOR LEDA CLAY
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Burn speculated that the discrepancy between the two calibrations

was due to the presence of iron in the clay which absorbed the

neutron f£flux.

He observed, as is apparent in the figure, that

the displacement between the two curves appears to be a constant

for that soil.
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Summari

It haegbeen shown that if the nuclear gage is calibrated by
oven—dty moistﬁre determinations, it can indicate a water
content of fleld soils as much as plus or minus 6 lbs. per cu.ft.
of water from that based on an 1nert system such as silica sand
and weter. _HoWever, it is the free soil moisture that must be
controlled in earth construction. This has been shown to be
a'vafieble percentege of the total soil watef to which the
nucleax gage respénds,? Consequently, unless it b@ﬁ be
demonstrated thatia consiétent relationship exists between a
calibfetion EaSedgoh stanaarés of known water'content, and

-the free water content of 1ndlv1dual soils, the ﬁeers of the
gages are forced to callbrate by fleld correlatlon. This

is dlfflcult, and;ln some cases 1mp0551ble to do, since a
sufficient range of deteqisloften not'available to establish

the siope of the cﬁfte‘With‘eny degree of confidence.
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EXPERIMENTAL PROCEDURE

The experimental Procedure involved_phe careful.fabriqation,
and testing with nuclear moisture qagés}_qfiﬁOur‘SOilnwatér

systems in large-pblds;A‘They_wéré§i ‘

: ii A com&eféiéi éiliég.sgﬁd.
.2y & commefcial“kaolin'clay
;3) A typical élayey field sbil
"4) an e#ﬁanded'shale

added, both the free water and total'(equivalent) water content

of the in@ividual Samples were closely estimated.

The physical data_concerning the dimensiong, volumes, densities,

and Water contents of all samples testéd with the nuclear
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- TABLE 2 oo tut
PHYSICAL DATA FOR THE EXPERIMENTAL SOIL-WATER SAMPLES
. Physical Descripi_;ion . Demnsity Water Content
' — e (1bs cu £t} - (ibs H20 cu t)
upt | Depth | Volume <ok
Sample Shape (£t) (£t) (cu £t)| Wet. Dry |Free Struct. Total tLegend
A-70-W Cylindrical 1.87 ] 0.94 2.63 1125.4 |100.9 24.5 - 24.5 O
E-25-W u n 0.92 2.55 |130.2 }110.9 19,2 - 19.2 o
A=-70-200-W " " 0.87 2.43 |123.9 109.6 | 14.3 - 14.3 (o)
‘|E=25-D " " 1.19 3.3L - | - |MWiT7 | T - - o
Raolin-H Octagon 1.50 | 1.17 2,31 97,1 | .77.9 19. 4,7 23.9 A
Kaolin-L Rectangular | 1.00 1.50 225 |-80.11 70.7 9. 4,2 13.6 A
Kaolin-H(drY) Octagon 1.5 | .17 2.31 - 77.9 | - 4,7 &,7 A
rield Soil-H Qctagon 1.50 | 1.17 | 2.31L 1146.0 | 131.9 14.1 2.0 16.1 [
Field Soil-L Rectangular | 1.00 1.50 925 |137.4 |129. 8| 7.6 2.0 9.6 o
. |Field So:.l(dry) Cylindrical 1.871 1.22 3.29 89.91 8%9.2| - 1.4 1.4 Qo
£5-20.6 Cylindrical | 1.87 0,95 2.76 |109.2 | 87.0 22.2 - 22.2 x
ES-17.4 " " 0.9% 2,64 94.4 | 77.0 | 17.4 - 17.4 x
1g5-12.0 " " 0.94 2,62 93.8 | 8L.8|12.0 - 12.0 X
ES-6.0 L LU W S T 3.27 | 88.2 | 82.1 6.1 - 6.1 %
1 ES=(dry) n " 1.19 3.29 88.6 | 88.21 0.4 - 0.4 %
* Equ:.valent water qon':t‘ent.:' o ¥
#% As used in Figures - and 3.
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used is given in Table 3.

. TABLE 3

. .SILICA SAND, GRADING

. Ident,. .. ..., ,E=25, . E-85 #2000  A=70

Fineness 25.88  84.42 — 65

Sieve {Percent Retained)

-20 v 2.2
30 - 38.6
50 1.4
70 0.2
80 -
100
- 140,
200
270
*325

=
o NO
= Wb

N

HMNEOO;
LI I N N I I ’
NONHUIWOg

ChoOO © RN

cooco

Four samples were fabricated from these sands. They were:

1) A-70-W. This sample was compacted dry in approximately
. 2 in. 1lifts with an electric impact hammer using a
"”bl}waéa disc to confine the sand. The sample was
provided with a piezometer and a perforated plastic
tube so that it could be saturated from within. The
(W) in the notation indicates a "wet" or saturated

sample.

2) {'E:§5¥ﬁ. ‘éﬁiéyéampieﬁwés brepéred similarly, except
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that the #25 sand was used.

3) A—70?200-W. A groﬁnd éiiica sand (#200 flour) was

uniformly'mikéd'With the #70 sand to reduce the void
spacé,~so‘that»a‘lowerfsaturatéd water content was

.obtained.

4) E-259D. The dry silica sand standard {D) was

; faﬁ%icated with the #25 sand. The moisture content
of ﬁhis sandmghen initially comp;cted was hardly
dété@%éble. After exposure to £he atmosphere
in ﬁhe test area for.a period of several wmonths, it

gained moistﬁre of up to 0.2 percent.

An aéﬁempp wgé,alsgwmade_pqﬂfabripate_a partially saturated
sampié, by compgcting the moistened sand in incrementé.
‘Pplyqﬁhylene;plégtig,was_used_to prevent migrations of water.
Howeﬁer, itfﬁas’fqunq_thagIsufficient water movement occurred
in the top layer to affect the gage readings, which made this

type .of specimen unsatisfactory.

Kaolin Samples

/

A kaélin clay of high purity was obtained from Ione, California.

The ?hysical?Propertiggrand ghemical‘analysis given by the
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producer are shown in Table 4.

TABLE 4

 IONE KAOLIN, PHYSICAL AND CHEMICAL DATA -

' Physical Properties:

Specific Gravity ' ' 2.60
_ Moisture (max.) % _ 0.5 - 1.0
Particle Size, % '
. Minus 2 microns 50 - 55
Plus 5 microns ‘ - 20 - 25
pHE , ' 4,5 -~ 5.5
Water of Plasticity, & 31.9 -

Average Particle Size ‘ 2.2 microns

Chemical Analysis:

_ Silica, % 45.0 - 47.0
- Alumina, % @ - 37.5 - 39.0
Iron Oxide, % ‘ 0.3 -~ 0.5

" Titanium Dioxide, % - 1,5 - 2.0
Ignition Loss, % _ 13.0 - 14.0

An independent anelysis.of a sample‘ef‘this_clay using X-ray
diffraction and differential thermal analysis (DTA),rwas
conducted at the Materials and Research Laboratory. It was
confirmed that the cley was a typical kaolin, withllittle or

no indication of the presence of other clay minerals.

High-temperature eva?oration tests were conducted with oven-
dry samples of the Igee kaolin. These samples lost 0.1
percent by weight between 103 and 400°C, and 12.2 percent
by weight between 400 and 600°C. This loss in weight.was

considered to be primarily hydroxyl water, and an equivalent
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water loss between 105 and 600°C of 6 percent was presumed

for ﬁhe_purpdses of the study.

Two éaﬁples of‘the kaolin were then pfeparéd in large molds for
ﬁesﬁing; The dimensions and volumes of the samples are given
in Table 2; ‘These_tﬁq samples were prebéred similérly, except
 that aifferen£‘amouhts of free water were added to each. The
inte@t was to dbtain_as high (H) and low (L) a water content

as péssible, with uhiform compaction, and not too great a
difféienéé'iﬁ the dry density of the'tqu_ The amount of

free water added was estimated on the basis of preliminary
testing and.fépfesentaﬁive oven-dry samples of the clay taken
duriég_compaétion. ‘Tﬁe water contents of the samples were also
chqued when*dismantlihg them after completion of the testing.
One ?f the kaolin samples (the Kaolin-H) was dried in a 105-110°C

oven, and then retested with the nuclear moisture gages.

Field Soil Séﬁpieé .

Two';amples of a typiéal field soil were prepared and tested
simiiarly at a high and low free water content. A third
fieia\soillséhpié was fabricated by compacting the material
in aé oVén;d;y COh&ifioh.‘ The grading and chemical data for

the Soil are given in the following Table 5.

B
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High- temperature evaporation tests were also conducted on oven-
dry samples of the field soil. A loss of 0.5 percent by welght
was recorded between 105 and 400°C, and 2.2 percent between
400 and 600°C. The loss in weight between 105 and .600°C was

» ' assumed to indicate an equivalent water content of 1.5 percent

by weight.

. TABLE 5

FIELD SO1L, GRADING AND CHEMICAL DATA

Grading _ ' - Mineral Identification
Size % Passing Mineral *Approx. %
' 3/4 _ 100 Quartz 25 - 30
: 1/2 _ -84 .  Feldspar 10 - 15
! 3/8 . ',73 Chlorite _ 10 -~ 15
L #4 52 Mica 5
8 41 Hornblende 5
16 31 Misc. Clay 5 - 10
30 23 Talc 2 - 3
50 _ 18 Augite 2 - 3
. 100 15 Other Xtaline 5
i 200 13 Amorphous .15
i 5 micron 8
1 micron 6

*These percentages are estimated from X-ray diffraction data.

Expanded Shale-Sand Samples

Five samples were prepared of an expanded shale-sand. This
» material is manufactured by expanding sand-sized particles of
montmorillonite shale by heating in a rotary kiln to temperatures

| of approximately 2,000°F. The grading of the expanded shale-
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sand, and the manufacturer's chemical analysis is given in

" .Table 6.

TABLE 6

'EXPANDED SHALE-SAND, GRADING & CHEMICAL ANALYSIS

Percent Passing

Sieve ‘ ' (Basalt Rock Co.; (M. & R.)

T $#4 .99
8 82 82.6
212 ‘ 52.6
- 16 56
“30 36 33.3
- 50 23 - 22.1
100 12 13.5
200 6.5
- Chemical Analysis
"Raw" Shale Calcined Shale
510, - 59.2 62.8
1503 o | 20.0 21.7
. Ca0 h 2.6 3.2
Fey03 3.3 4.4
MgO 2.7 3.3
Naz0 2.6 2.6
K50 1.6 1.6
Hy0 8.0 0.0
Ignition Loss . Trace 0.4

'One of the expanded shale-sand samples (ES-20. 6, Table 2) was

prepared by compacting, and then floodlng it untll it was

saturated. The (Es-dry) sample was left in a dry or "as

compadted“.stete. The remaining three expanded shale-sand samples

were érepared by moistening the shale-sand to intermediate water

conteﬁts, and then compacting. Due to the absorbent nature of the

www fastio.com
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calcined shale, the proceduré appeéfed to work satisfactorily,
with little discernible migration of water during the perioa of
testing. The water contents of several of the_shaie—sand samples
were checked by removing the material in layers, and oven drying

v the entire increments.
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NUCLEAR MOISTURE DATA.. .. .. .
: R T R AT SRRt
The soil samples were not necessarily fabricated or tested with
thé.nuélear gagés in the order presented, nor was it possible

to retain all:samples so that they could be tested concurrently.

To_comﬁensate}'as each new sample was being tested, all available
samplgé were réad. The average of these readings was then
plotted against sample free water in Figure 2 and against the

estimated total water content in Figure 3.

Two nuélear_soillgages Were.used during this study. Gage A is
an old;r unit #hat has been found to be relatively stable

over aﬂ extended period of time. The source contained in this
.gage ié 4.5 mc.Radium 226-Beryllium. Gage B is of more recent
manufaéture, aﬁd contains a 50 mc Americium 241-Beryllium fast

neutrop source.

Free Water Correlation Data

Figuré‘Z illuéérates the response of Gages A and B plotted
againéﬁ the free water content of the samples. The curves

are dr@wn by visual "best fit". For Gage A, the calibration
curveé_for thé‘four soil-water systems are essentially parallel,
except‘for thé'expanded shale at the lower water contents. The

readings takéﬁ with Gage B indicate a greater variation
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FREE MOISTURE CORRELATION
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in the slope of the 1nd1v1dual calibration lines for the four
W :

5011-water systems than did those of". Gage A.

' The dataﬂfog.the expanded shale-uater sfsten reflects a high
degree of nutron flux absorption. A report‘by,the Oklahoma
Department of nghways showed a 51m11ar datum pOLnt for an expanded
shale—water sample tested by them [4, p. 89] The chemlcal
analysrs of the shale-sand 1nd1cates a total of about 6 percent
_of 1ron and pota551um present in the material, Wthh would not
seem suff1c1ent to cauSe the amount of absorptlon shown. - A
The onenedrx expandedrshale sampie (ES-dry) plotted Very closelp
to the'drf\stiica sand sanple'(E—ZseD) in Figure'2.' This -
before the capaclty of the materlal to absorb thermal neutrons
becomes saturated. At some water content, thls absorptlve
capac1ty of the soil begins to be satisfied. Thereafter, the
productlon of thermal neutrons with Change in water content is
almost as though the absorptlve elements were not present.

Above thls crltlcal water content, the callbratlon curves for
50119 w1th absorptlve elements for thermal neutrons appear to

W

be reasonably parallel to the silica sand callbratlon curve.
The assumptlon that the net effect of the presence of structural

Water, and slow neutnon absorblng elements in a 5011, is a

. #a L B TR mETNM Pt t e .
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calibration constant; is unaoubtedly an over—simplificaﬁion;
However, it is concluded that the slope of a calibration curve
determined using standards of“silica sand and water should be
satisfactory for nucleér gage moiéture determinations on most
soils. An_exception ma&\have to:be made f6r those containing
highly absorbtive elementé,{especiaily ét water cdntents below
6 lbs,‘of_ﬁater_per cu. ft, It;isrnot'knoﬁn_to what degree
such_materials may be encountergd in soils ‘used in highway

construction.

Total Water Correlation Data

Figure 3 showg the average nuclear gagé réadings plotteé with
respect to the estimated‘total water content of the samples.
Most of the moisture datarfqr ﬁhe clay soils now plot éither on,
or to the right of the silica sahd calibration curve; It is
concluded that nuclear moisture measuring instruments do respond
to the‘structu:al water, as well as to the free water. However,

the effect of the hydroxyl water does not appear to be directly

_proportional to the hydrogenVCOntent. This is to be expected,

since the bonding of the hydrogen atom to the soil minerals
probably reduces its capacity to thermalize the fast neutrons

emitted by the radioisotope in the gage ([3, p. 548; 6, p. 347].
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" 'CONCLUSTIONS |

A g - Sy M

'f The nuclear m01sture gages respond to the total water

i

'”content'of a 5011 Thls 1ncludes bound or adsorbed

water, 1nter—layer water, hydrates,-and hydroxyl water.

‘A water content estlmated on the basis of an oven~dry

'm01sture determlnatlon reflects only the free, or easily

é.evapOrable water.

IT.

© For a given water content, the presence of slow neutron

absorblng elements will decrease the response of the

T .:-

nuclear m01sture gage. Except at low water contents

LR

: however, the presence of the absorblng elements appears

ITT.

'to be a-callbratlon'constant.

e

The change in 5011 water durlng normal constructlon

act1v1t1es occurs almost entlrely in the soil free

?‘water.: The results of this research indicate that it

zlls satlsfactory to assume that the free water calibration

Y arves dlffer only by a constant " which depends on the

Iv.

sum of the effects of the structural water and absorbing

elements present

| The slope‘of the nuclear moisture calibration curves is

satisfactorily established by testing on reference

standards of silica sand and water.
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.. IMPLEMENTATION

"Offset"” Mgthod

For specific soils, where an equivalent oven—dry.moisture
calibration curve for the nuclear gage is desire@} a moisture
sample is taken at the éiFe of a nuclear moisture reading. The
density of the location must be determined by nuclear or other
means. The oven~dry moisture in lbs. per cu. ft. of water is
calculated, and plotted against the nuclear gage moisture
rea@ing. ‘A calibration curve. for that-soil is drawn through

the point and parallel to the sand-water reference calibration.

This procedure has two disadvantages: 1) It is only good for the
particular soil and 2) any errors in the estimates of moisture
or density are reflected in the calculated moisture. An

alternate and prefered method is discussed as follows.

"Approximate Wet-Weight" Method

It can be shown that a practical method of compaction control
is ppssible, utilizing only a'wet density correction based on
the slope of the moisture_qalibration curve, Thé procedure is
respecially‘applicable to structural section materials, fdr_

which it is often possible to pre-establish a satisfactory
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compacEion'staﬁdard. The Eanéeﬁé”ié similar to that of the so-
called!"wet—weight“ method of compaction control used by
Califofnia [Z,jCalif. 216-F] and others. This procedﬁre is
predicéted on expressing the wet density of a soil, and the
laborafory control density, in terms of the same moisture
contert. The following contains 'a 'slight approximation, but
théiﬁe%cent:reiatiéé”édmpaéﬁion is usually within one-half of
one’ﬁéﬁceﬁt of ‘that calculated on the basik of the "exact”

wet or dry weight methods.

As ahi%xample}“guppdée that it has been established that a certain
soil should have a weét density of 135 lbs. per cu. ft. at some
-definite (but unknown) water content. This unknown water
ddntéﬁ% is-théﬁ contained in the material when it was obtained’
for thé laBoratory compaction testing. Assume also that a
hucleér mdistufe gage had been used to test the location where
the soil was obtained, at the time of removal, and it was
foundito have a water content of (x). At a later time, a site
with é@milar soil is tested, and found to have a wet density

of l4dilbs. per cu. ft. with (x+3) water content. The wet
dénsiﬁ&AOf'thé{éite"ih terms of the water content at which the
contrdl had béen ‘established is (140 - 3), or 137 lbs. per cu.
ft.'iTﬁiszeqﬁiValént wét ‘density is greater than the 135 1bs.
per cﬁ}'ft.‘ﬁrévibuSIY*ééﬁainShéd as a minimum control
densiﬁy."Thuéf'if”the_éloﬁe'éf the nuclear moisture calibration
curve?is corréct, it has been found that the density of the site

is saﬁisfactofy without knowing its actual water content.
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